Background: Since 1975, childhood cancer incidence rates have gradually increased in the United States; however, few studies have conducted analyses across time to unpack this temporal rise.
INTRODUCTION
Since 1975, the overall childhood cancer incidence rate has gradually increased in the United States at an annual rate of approximately 0.6% per year, 1 with increasing rates documented for several cancers Abbreviations: AAPC, average annual percent change; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CI, 95% confidence interval; CNS, central nervous system; NCHS, National Center for Health Statistics; RR, rate ratio; SD, standard deviation; SEER, Surveillance, Epidemiology, and End Results including leukemias, central nervous system (CNS) tumors, and hepatoblastoma. 1 However, the underlying cause of rising rates is not known. Some researchers speculate that rising rates may reflect changes over time in diagnostic technology, disease classification, and registry completeness. [2] [3] [4] [5] For example, it is thought that the sharp increase in CNS tumor diagnoses in the 1980s was due to the introduction of magnetic resonance imaging and stereotactic biopsy. 2 However, there are also plausible explanations for why the documented rise may reflect a true increase in disease. We hypothesize that rising incidence rates are attributed to secular trends in pregnancy characteristics, including older maternal age, higher birthweight, and lower birth order, which are established risk factors of many childhood cancers. 6 A population-level shift in recent decades toward delayed childbearing and smaller family size is well documented in the United States. 7 Further, rising overweight and obesity rates may have influenced birthweight trends, 8, 9 though prior research suggests that the association may not be strictly linear. 10, 11 Given mounting evidence that links these pregnancy factors to many, if not most, childhood cancers, 6, [12] [13] [14] it is reasonable to suppose that some proportion of the rise in childhood cancer incidence is due to population-level secular trends in these established risk factors.
Time trend and ecologic studies can be valuable as one piece of evidence among many to triangulate causation, including ruling out alternate explanations. 15 For example, time trend studies were central for supporting the hypothesis that smoking caused lung cancer, and ruling out a prevailing hypothesis that genetic constitution was a confounder of this association. 15 In the case of childhood cancer, using individual data to answer what underlies the secular rise in childhood cancer has been difficult or infeasible, given the lack of population-based longitudinal data on the population at risk, and the fact that childhood cancer is a rare disease. In the absence of prior studies, an ecologic time series study can be important for first-round evidence vetting of promising explanations, and/or ruling out a common alternate explanation. Yet few studies have undertaken time series analyses to understand what is driving the increase in childhood cancer over the past four decades.
To our knowledge, only one prior study has empirically tested temporal associations in the childhood cancer literature, and this study was confined to testing the temporal association between maternal age and acute lymphoblastic leukemia (ALL) incidence, diagnosed 1980-1997, in Piedmont, Italy. 16 Additional research is thus needed to understand what factors contribute to secular trends in childhood cancer incidence. The aim of this study was to use time series methods to test the hypothesis that the rise in childhood cancer incidence is due to secular trends in pregnancy characteristics including maternal age, birthweight, and birth order. We also considered temporal associations between sociodemographic characteristics (race/ethnicity and poverty) and childhood cancer incidence rates.
METHODS

Study design
We implemented a county-level ecologic time series analysis to test temporal associations between county-level pregnancy and sociodemographic characteristics (collectively referred to as county-level characteristics) and childhood cancer incidence rates over a 39-year period in the United States (1975 States ( -2013 . This innovative approach was feasible through linkage of population-based data from three sources: the Surveillance, Epidemiology, and End Results (SEER) Program, the National Center for Health Statistics (NCHS), and the US Census Bureau. Data were merged at the county-level using Federal Information Processing Standards code identifiers. Linkage was not conducted at finer levels of geography (e.g., census tracts) due to confidentiality data agreements and lack of data availability at lower levels. SEER has an estimated case ascertainment rate of 98%, and the SEER 9 database captures 9.4% of the US population. 17 NCHS, in collaboration with states, oversees the compilation and provision of all US birth certificate data. 18 Prior to 1972, natality data were based on 50% samples from states. Beginning in 1972, some states provided complete natality data, and by 1985, all states provided 100% samples. 18 
Study population
Our study sample consisted of 194 counties from eight cancer registries included in the SEER 9 database: Atlanta, Connecticut, Detroit, Iowa, New Mexico, San Francisco-Oakland, Seattle-Puget Sound, and Utah. 19 We linked county-level aggregated cancer data, based on addresses at time of diagnosis, to county-level aggregated birth data with the assumption that county of residence was stable from birth to diagnosis. To minimize bias from this assumption, we restricted county incidence rates to younger children, ages 0-4 years, given that older children may be more residentially mobile. 20 A small proportion of birth records were missing data on birthweight and/or live birth order (0.2%).
Sociodemographic characteristics
We linked county-level demographic and socioeconomic data, based 
Statistical analysis
Among our sample of 194 counties, we descriptively assessed overall We then tested associations between each county-level characteristic and county-level cancer incidence in Poisson mixed models, first in models adjusted only for year of diagnosis, and then in models further adjusted for all other county-level characteristics. Rate ratios (RRs) and
CIs were estimated for a 5-year change in county-level average maternal age, a 500-g change in county-level average birthweight, a 1-unit change in county-level average birth order, and a 10 percentage point change in county-level % White, % Hispanic, and % poverty. We tested for interactions between county-level characteristics and year of diagnosis, but found none were significant in adjusted models. 
RESULTS
Descriptive analysis of county-level characteristics
In Table 1 Table S1 ), though standard errors remained stable in fully adjusted models. 
Associations between county-level characteristics and cancer incidence
We present associations between county-level characteristics and combined county-level childhood cancer incidence in Table 2 Table S2 ). For example, % Hispanic was positively associated with incidence of ALL (fully adjusted RR = 1.05, 95% CI = 1.02-1.08).
AAPC in cancer incidence
As illustrated in Figure 2 Table S3 .
In Table 3 , we compare crude and adjusted AAPCs in incidence of childhood cancers with significant crude temporal trends (combined,
ALL, AML, CNS tumors, hepatoblastoma). Across all the county-level
characteristics and all the cancers tested, the most notable reduction in the AAPC in cancer incidence occurred after adjustment for county trends in maternal age. Adjustment for county-level average maternal age reduced the AAPC in combined childhood cancer incidence to 0.32% per year (95% CI = 0.08-0.56), a 55% reduction from the crude;
AAPCs in incidence of individual cancers were reduced by between 8%
for hepatoblastoma and 40% for ALL. However, even after adjustment for maternal age, AAPCs remained significant from zero. Adjustment for other county-level characteristics either had no effect on countylevel cancer incidence rates over time (e.g., birth order), or increased the AAPC from the crude. For example, adjustment for county-level average birthweight increased the AAPC in combined childhood cancer incidence by 21% from the crude (adjusted AAPC = 0.86%; 95% CI = 0.69-1.02), suggesting a masking effect. 
Sensitivity analysis findings
Similar overall patterns of association were observed when the sample was restricted to white children within counties; only adjustment for maternal age attenuated AAPCs toward the null (Supplemental Table S4 ). When restricted by county population size, maternal age was again the only county-level characteristic that reduced AAPCs toward the null (Supplemental Table S5 ). We observed an inverse association between county size and the percent reduction in the AAPC in combined childhood cancer incidence attributed to maternal age, with a 55% reduction among all counties (N = 194), a 73% reduction among counties <10,000 children (N = 162), and >90% reduction among counties <5,000 (N = 144) and <1,000 children (N = 70).
DISCUSSION
This is the first study to use time series methods to test the association between population-level secular trends in pregnancy characteristics and cancer incidence rates in the US pediatric population. Using linked population-based registry data over almost four decades, we confirmed that cancer incidence rates among children, 0-4 years of age, have been gradually increasing in the United States for several types of cancer including ALL, AML, CNS tumors, and hepatoblastoma. 1 For these cancers, we found that population-level trends toward older maternal age may contribute to some of the increase in cancer c Adjusted for year of diagnosis, maternal age, birthweight, birth order, % White, % Hispanic, and % Poverty. AAPC, average annual percent change; CI, confidence interval; % White, proportion of children, ages 0-4 years, classified as white within county; % Hispanic, proportion of children, ages 0-4 years, classified as Hispanic within county; % Poverty, proportion of residents, all ages, classified below the federal poverty line within county.
incidence. However, besides maternal age, the other county-level characteristics examined in this analysis (birthweight, birth order, and sociodemographic factors) were not associated with increasing cancer incidence rates. Adjustment for these factors resulted in estimated AAPCs that were either higher than or no different than the crude.
This suggests that, if anything, trends in these county-level characteristics counteract rising childhood cancer incidence rates over time in the United States. Thus, additional childhood cancer risk factors, beyond those included in this study, should be considered in future time series research.
Given the paucity of research on the rise in childhood cancer incidence over time, this study is an important contribution to the literature with several notable strengths. By implementing an ecologic time series study design, we were able to evaluate secular trends in childhood cancer incidence, as well as pregnancy and sociodemographic characteristics, over several decades of data within geographically stable units of analysis. Through this approach, we were thus able to overcome the lack of population-based longitudinal data available at the individual level. By linking population-based data from national cancer and birth registries, as well as the US Census, we were able to obtain valid and reliable exposure and outcome measures for a large sample of the US pediatric population. Further, by accounting for a number of pregnancy and sociodemographic characteristics, we were able to test whether multiple exposures simultaneously contribute to, or counteract, the rise in childhood cancer incidence rates over time. Finally, by including several individual types of childhood cancer, we were able to assess whether temporal associations differ by tumor type.
There are also limitations to our analysis. First, as with any ecologic study, group-level risk factors may not be associated with incidence at the individual level (the ecologic fallacy). 23 This may be especially true for larger counties in which greater heterogeneity in pregnancy and sociodemographic characteristics is expected. To assess this limitation,
we conducted a sensitivity analysis in which we estimated crude and adjusted AAPCs in incidence of combined childhood cancers within subsets of our sample restricted to counties of smaller childhood populations. This revealed that maternal age accounted for a much greater proportion of the annual trend in combined childhood cancer incidence for smaller counties than what we observed in our analysis of all counties with available data (Supplementary Table S5 ). This is consistent with results we would expect from measurement error of area-level maternal age, which could be higher in larger counties (given larger variation), that serves to minimize the percent reduction after adjustment. However, we note that estimates lost precision upon restriction to smaller counties.
Second, because county of birth is not available in SEER, we made the assumption that county of residence was stable from birth to diagnosis. To minimize potential bias due to this assumption, we restricted our sample to younger children, ages 0-4 years, given that residential mobility increases with age. 20 We acknowledge that a Californiabased study reported that 38.5% of leukemia cases, ages 0-4 years, had moved away from county of birth by time of diagnosis, indicating that residential mobility is relatively common among younger children, at least in California. 20 However, this study found no significant differences in sociodemographic characteristics of counties at birth and diagnosis among residentially mobile cases. 20 Further, a recent case-cohort study in Minnesota reported high correlation between the socioeconomic status of residential census tracts at birth and diagnosis among cancer cases, ages 0-14 years. 24 Therefore, even if our assumption of stable residency is incorrect, it may be appropriate to assume stable county-level characteristics throughout early childhood.
Third, there were limitations to our county-level measures. For example, our measure of county-level poverty was not specific to the early childhood population (0-4 years). We were unable to account for other potentially important county-level factors in our analysis, such as region-specific readiness to adopt new diagnostic technology. Further, though we considered pregnancy characteristics for which there is currently strong evidence of an association with childhood cancer risk (i.e., maternal age, birthweight, and birth order), it is possible that other, less established, risk factors, such as parental smoking status or size-forgestational age, may also contribute to incidence trends. Given that we
were not able to fully account for the temporal rise in childhood cancer incidence, future time series research should consider such alternative exposures. We also note potential concerns of a few strong correlations among the county-level characteristics included in our analysis (Supplementary Table S1 ), which may have hindered our ability to fully disentangle associations, especially in ecologic data. 23 To further tease apart county-level characteristics, we conducted a sensitivity analysis in which we tested the temporal relationship between pregnancy characteristics and cancer incidence among only white children within counties, which produced similar overall patterns of association (Supplementary Table S4 ). Finally, this study was limited by sample size, both in terms of observational units (N = 194 counties) and small case counts within counties (Supplementary Table S3 ). The rarity of childhood cancers required us to assess rates for combined ages 0-4 years, rather than assess rates separately for each birth year. This resulted in less precise exposure measures aggregated over the 6-year birth window.
In conclusion, we did not find definitive evidence to support our hypothesis that secular trends in pregnancy characteristics account for the documented rise in childhood cancer incidence over time in the United States. While we found some evidence of an association between rising county-level maternal age and childhood cancer incidence over time, comprehensive adjustment for all county-level characteristics had little impact on estimated incidence trends in combined and individual childhood cancers. Therefore, we cannot rule out alternative explanations for increasing trends, including the possibility that rising childhood cancer incidence rates are an artifact of changes over time in diagnostic technology, disease classification, and registry completeness. We also cannot rule out the possibility that rising childhood cancer incidence rates may be attributed to changes over time in other, potentially unidentified, risk factors, such as environmental exposures. [25] [26] [27] However, we note that there are currently few environmental exposures firmly linked to childhood cancer risk. 6 Rising incidence rates remain a topic of debate in the childhood cancer literature, and thus further time series research is warranted that can build upon our findings and ultimately pinpoint the underlying cause of temporal trends.
